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Abstract 
The applicability of laser welding processes with its specific advantages, such as low distortion or production efficiency, is often 
limited when joining thin-walled aluminum components due to small gap bridging ability. To overcome this limit, a novel 
approach is presented using filler wire and a highly focused laser beam oscillation transverse to the welding direction.  
In the present work, the process development for welding in butt-joint configuration is shown. For this purpose, the influence of 
the welding speed, wire feed speed and beam oscillation parameters on wire melting behavior and on the welding result is 
presented. A process window for joining thin sheet material of 1 mm thickness with 1 mm joint gap is shown, and allowable 
tolerances for laser, wire and gap misalignment are investigated. Furthermore, the reached gap bridging ability of 1.9 mm for a 
constant gap and 3.15 mm for an opening gap configuration is shown in dependence of the utilized aluminum alloys. 
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1. Introduction 
Aluminum is a key material for lightweight structures, which is increasingly being used especially in transport 
industries. Hatwing et.al. (2010) reported, that there is a growing demand for new joining technologies with low 
distortion and high production efficiency. According to Löffler (2009), Laser beam welding can meet these 
requirements due to its concentrated energy input to the welding process. Especially single mode laser with very 
small laser spots sizes provide high intensities and allow a very deep penetration into metallic materials. According 
to Kawahito et.al. (2011), a high beam quality is particularly advantageous for laser welding of aluminum alloys due 
to its high reflectivity. Aalderink et.al. (2007) report that laser beam welding however is often limited by its small 
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gap bridging ability. One actual challenge are air gaps resulting from manufacturing tolerances, insufficient part 
alignment and thermal distortion during welding. In order to apply the benefits of high beam intensities and small 
laser spot sizes, a gap normally should be reduced to a minimum or even be set to a zero-gap to ensure a stable 
process. Liu et.al. (2009) show, that even if the joining partners are sufficiently clamped or fixed by stich welding, it 
is usually difficult to avoid a gap completely. One opportunity to improve the gap bridging ability is the use of 
additional filler metal. Aalderink et.al. (2010) investigated the gap bridging ability at laser beam welding of 2.1 mm 
thick aluminum sheets in a butt-joint configuration. They showed that gap widths of 0.2 mm could be bridged when 
welding without filler material and 0.6 mm when adding filler wire to the welding process. Sun et.al. (1999) 
successfully bridged a 1 mm wide air gap between 2 mm thick carbon steel sheets in a butt-joint configuration by 
using a CO2 laser and filler wire. They suggest that the key factor of this process is to precisely control the relative 
positions of laser beam, filler wire and joining gap to each other to obtain a sufficient joint connection. Goebel et.al. 
(2008) used a circle scanned fiber laser and filler wire for narrow gap welding of thick aluminum sheets by a multi 
pass welding method. It was shown that with beam oscillation the position tolerance of the filler wire could be 
increased significantly. The physical relations in a self-supporting weld pool are described by Matsunawa and Ohijo 
(1982, 1983) in a mathematical, simplified two-dimensional model. Accordingly, the allowable root width at butt-
joint configurations depends on radius of the melt pool root, the surface tension and the hydrostatic pressure. 
However, the influence of the process dynamic was not considered. Klassen (2000) investigated the process 
dynamics in CO2 laser deep penetration welding of different aluminum alloys. He identified the key hole dynamic as 
a major influence factor on the appearance of welding defects and was able to reduce these up to 90% by modulating 
the laser power. Schweier (2013) experimentally investigated the influence of a circular scanning movement on the 
incidence of spatter at laser beam welding. He reported that the influence of beam scanning is rather low compared 
to the laser power and welding speed. After Dittrich et.al. (2013), large scan frequencies of 400 Hz up to 700 Hz 
lead to turbulence in the melt pool that lead to sinusoidal solidification shapes of the upper bead. Binroth (1995) 
shows, that the process dynamic of laser welding aluminum materials can also be reduced by process customized 
melting conditions of the filler wire. Based on a mathematical model of the wire heating process, a wire feed rate 
could be calculated to ensure a stable wire melting and a smooth material transfer.  
In a former report of the authors, Seefeld and Schultz (2013) and Schultz et al. (2014) investigated the gap 
bridging ability in laser welding of 1 mm thick aluminum sheets in a butt-joint configuration with adding filler wire 
and oscillating a focused highly brilliant fiber laser transverse to the weld. By setting the scanning width slightly 
greater than the wire diameter a 1 mm wide joint gap was welded successfully. To evaluate the process stability, 
tolerances for relative displacements of filler wire, laser beam and gap were investigated. 
2. Experimental 
The setup included a single mode laser and a one-dimensional scanning system to oscillate the laser beam 
cross-wise to the welding direction. Fig. 1a shows the welding tool out of two views with the beam transport 
through it. In a magnification the meet of beam, filler wire and sheet samples are shown. In order to create a self-
maintaining melt pool between two sample sheets in a butt-joint configuration with air gap, filler wire was melted 
down to provide material for the weld. An IPG YLR-1000SM single mode fiber laser with a maximum power output 
of 1 kW and a beam parameter product of 0.4 mm/mrad was used to provide a very high local beam intensity to 
allow a deep penetration and a high thermal efficiency of the process. The beam was delivered through a fiber with a 
diameter of 15 μm. After collimating using a 160 mm collimation lens the beam was redirected by 90° by the 
oscillating mirror of an ILV DC scanner. The scanner was set to a sinusoidal mode with defined scanning frequency 
and width and enabled a one-dimensional beam oscillation. After this the beam was focused by a 200 mm focal 
length lens and provided a nominal focus spot diameter of 19 μm. Depending on the scanning width the energy 
input distribution between filler wire and sheet can be set to influence the welding conditions. According to the 
welding direction the filler wire was set in a leading and a shielding gas nozzle in a trailing arrangement. The filler 
wire was delivered by a wire feed system DINSE DIX WD300 and WDE300, a push-push-configuration with a 
maximum feed rate limit of 10 m/min. A Phantom v5.1 high-speed-camera was utilized to observe the beam 
oscillation and the material transfer  
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Fig. 1.  (a) Schematic illustration of the welding process with beam path through the welding tool in two views and distribution of the laser beam 
between the filler wire and sheet samples; after Seefeld and Schultz (2013). Sample arrangements for a (b) constant gap width and a (c) opening 
gap width. 
of the filler wire to the butt-joint. Fig. 1b and c show the sample sheets in a constant and opening gap arrangement. 
In welding with a constant air gap two sample sheets with each 100 mm x 50 mm x 1 mm [length x width x 
thickness] and an air gap between them were welded without using any supporting method, i.e. backing system, for 
the bridging weld pool initialization at the weld beginning. In welding with an opening gap, the gap was set to a 
zero-gap at the sample beginning and to a 4 mm wide gap at the sample ending. For welding, the laser power and 
wire feed speed were increased in a ramp-form along the whole welding length, at otherwise constant process 
parameters. Different base materials (AA 5083 and AA 6082, each with a thickness of 1 mm), different filler wire 
materials (AlSi5, AlMg3, AlMg4.5MnZr) and wire diameters (1.2 mm and 1.6 mm) were used and compared with 
respect to the gap bridging ability.  
3. Results and Discussion 
3.1. Beam Oscillation 
Fig. 2 shows investigations to the influence of the scanning frequency on the melting conditions of the filler wire. 
Therefore the scanning frequency was varied in the range from 0 Hz up to 250 Hz, at otherwise constant process 
parameters. For testing a frequency of 0 Hz the scanning system was turned off, resulting in a sequence of drop 
formation, continuous and partial melting of the filler wire. This can be attributed to a varying energy coupling into 
the wire due to an odd feed movement trough the laser beam. At a centrical radiation into the wire the energy 
coupling was high enough to form a drop on the wire tip. With further off-center radiation the energy coupling was 
reduced so the wire melted continuously. A too high displacement between wire and laser beam caused an 
insufficient energy coupling into the wire so it only melted partially and the structural stiffness stayed high enough 
to avoid a downwards bending. With turned on scanning system the laser only missed the wire temporarily at 
maximum scanner deflection. When setting a scan frequency of 100 Hz the wire melting resulted in lined up 
segments of melted and not melted parts. With further increasing of the scanning frequency greater than 200 Hz it 
was observed that the filler wire was melted continuously. 250 Hz entailed a slightly smoother solidification surface 
compared to 200 Hz.  
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Fig. 2. Melting conditions of the filler wire in dependence of the scanning frequency at a laser power of 1 kW, a wire feed speed of 10 m/min and 
a scanning width of 1.4 mm.  
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
   
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a) welding speed 1 m/min b) 3 m/min c) 6 m/min d) 10 m/min 
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Fig. 3. Influence of the welding speed on the seam formation in bead-on-plate welding on 1 mm thick sheets without filler wire, a laser power of 
1 kW, a scanning width of 1.4 mm and a scanning frequency of 200 Hz. The base material was AA 6082. 
Fig. 3 shows the influence of the welding speed (1 m/min up to 10 m/min) on the upper and root bead formation 
in welding 1 mm thick aluminum sheets, at otherwise constant process parameters (laser power 1 kW, scan width 
1.4 mm and scan frequency 200 Hz). At the slowest tested welding speed of 1 m/min a smooth seam formation along 
the weld was observed in which the root width was wider than the upper bead (fig. 3a). When increasing the welding 
speed up to 3 m/min the sinusoidal scanning movement caused a periodic pattern at the fusion line of the upper bead 
(fig. 3b). With a further increasing of the welding speed faster than 6 m/min (fig. 3c and d) a sinusoidal melting 
pattern resulted on the upper bead, without a sufficient superposition of the melting lines in one scan period. A 
further effect of too high welding speeds was unmelted material in the center of the root beads.   
3.2. Gap Bridging Ability in Butt-Joint Welding 
For butt joint welding of aluminum sheet with an air gap of 1 mm using filler wire and beam oscillation, fig. 4 
illustrates the achieved weld quality (original sheet position is shown with the red lines). In this example, the laser 
power was 1 kW, the welding speed was 3 m/min, the wire feed speed was 4.5 mm/min, and the scan width was 
1.4 mm. It was found that the seam width was 2.6 times wider than the original gap width (fig. 4a). The upper bead 
width and the root width of the seam were almost equal with a slight excess is on the upper side. The cross section 
contained one pore of about 50 μm diameter and was free of cracks. Both the upper and lower seam surfaces were 
smooth and free of visible defects (fig 4b and c); Seefeld and Schultz (2013). 
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Fig. 4. Butt-joint welding seam with 1 mm air gap. 
Base Material: AA6082, Laser power: 1 kW, welding 
speed: 3 m/min, wire feed speed: 4.5 m/min, wire 
material: AlSi5 with 1.2 mm diameter, scanning width: 
1.4 mm and scanning frequency: 200 Hz; after Seefeld 
and Schultz (2013). 
 Fig. 5. Frames of a high speed video recording of a stable welding process 
with a gap width of 1 mm (2000 fps). Laser power: 1 kW, welding speed: 
3 m/min, wire feed speed: 4.5 m/min, scanning width: 1.4 mm and scanning 
frequency: 200 Hz. The base Material was AA 6082 and the filler wire was 
AlSi5 with 1.2 mm diameter. 
 
Fig. 5 shows three successive frames of a high speed video recording in welding with 1 mm air gap. The frames 
show the sheet samples and the filler wire delivered into the weld pool. Fig. 5b and c illustrate time steps of 0.5 ms 
and 1 ms after fig. 5a, respectively. On each frame the keyhole could be detected as a white spot moving transverse 
from left to right over the filler wire, melting it down in segments. The material transfer to the weld pool was smooth 
and without causing any weld defects.  
 
In order to fill an air gap of 1 mm, the wire feed speed was set to 1.5 times the welding speed and the scan width 
was set to 1.4 mm. Fig. 6 shows the obtained parameter envelope for welding speed versus laser power. Circles 
represent a parameter combination with insufficient energy input into wire and base material. In this case, the seam 
shape showed reinforcement on the top and a lack of material for the root. Raising the energy input per unit length to 
parameters indicated by square symbols, the weld quality was comparable to the example presented in fig. 4. A 
further increase of energy input per unit length as represented by the triangle symbol led to a wider weld seam, as 
well as a smoother surface. The high energy input, however, brought along the risk of a defect formation including 
through holes in the welded seams; Seefeld and Schultz (2013). 
 
To evaluate the process stability the relative positioning tolerances between filler wire, laser beam and gap were 
investigated (fig. 7). Fig. 7a shows the initial position and fig. 7b to e show four investigated displacement options. 
As tolerance threshold, a good seam between both sheets, compared to fig. 4 was required. For a wire displacement 
in positive z-direction, a tolerance of 1.6 mm was found. Larger displacements in z led to root underfill like 
illustrated in the top cross-section of fig. 6. The tolerance for a lateral displacement of the wire or laser beam was 
found to be  
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Fig. 6. Process envelope for welding with a gap of 1 mm. Laser power: 1 kW, wire feed speed = 1.5x welding speed, scanning width: 1.4 mm and 
scanning frequency: 200 Hz. The base Material was AA 6082 and the filler wire was AlSi5 with 1.2 mm diameter; after Seefeld and Schultz 
(2013). 
 
a) Initial position b) Displacement of 
the filler wire in z 
c) Displacement of 
the filler wire in y 
d) Displacement of 
the beam center in y  
e) Displacement of 
the gap center in y 
    BIAS ID 140813  
Fig. 7. Process tolerance for displacement of a) the filler wire in a positive z-direction, b) the filler wire in y-direction, c) the oscillated beam 
center in y-direction and d) the gap center in y-direction for a scan width of 1.4 mm and an oscillation frequency of 200 Hz; after Schultz et.al 
(2014). 
0.5 mm. In contrast, a displacement of the gap in a y-direction was only tolerable for values equal or smaller than 
















 V. Schultz et al. /  Physics Procedia  56 ( 2014 )  545 – 553 551
 

b) upper seam surface 

a) cross section c) lower seam surface 
 BIAS ID 131472 
Fig. 8. Butt-joint welding seam with 1.9 mm air gap. Laser power: 1 kW, welding speed: 3 m/min, wire feed speed: 4.5 m/min, scanning width: 
1.4 mm and scanning frequency: 200 Hz. The base Material was AA 6082 and the filler wire was AlSi5 with 1.2 mm diameter. 
Fig. 8 shows the cross-section and the upper and root seam of welding with a constant 1.9 mm air gap. In this 
case the welding speed was reduced to 1.6 m/min in order to provide enough energy input into the process. 
Furthermore the scan frequency was raised to 250 Hz. The seam was 2.8 mm wide and thus 1.4 times wider than the 
original gap width (original sheet position is shown with the red lines). The upper bead, with an excess of 0.3 mm, 
was nearly flat compared to the significant root reinforcement of 0.7 mm. The cross section contained two pores 
smaller than 20 μm in a diameter and was free of cracks (fig 8a). Both the upper and lower seam surfaces were 
smooth and also free of visible defects (fig 8b and c). 
Welding with an opening gap width was investigated to determine the maximal gap bridging ability. Fig. 9a and b 
show the upper and lower seam and fig. 9c to e give cross-sections for different positions along the seam (original 
sheet position is shown with the red lines).  
 

BIAS ID 140814   
Fig. 9. Gap bridging of 3.15 mm at welding in a butt-joint configuration with opening gap width. Welding from left to right. Laser power 0.3 kW 
up to 1 kW, wire feed speed 0.2 m/min up to 4.5 m/min, welding speed 1 m/min, scanning width 1.4 mm, scanning frequency 250 Hz, base 
material AA 6082 and filler wire AlSi5 with a diameter of 1.2 mm. 
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At the weld beginning, the coupled energy was not sufficient enough to penetrate completely through the base 
material (fig.9b). After 7 mm of welding, the root started melting and its width continuously increased with further 
path. At this point the filler wire feed was started. Fig. 9c shows the cross-section slightly after the filler wire gets 
delivered into the weld. The seam is slightly tilted upwards with a small undercut at the root. At 30 mm the seam 
width increased to its maximum width. The reason for this accumulation can be explained through the droplet on the 
wire tip what was added to the melt pool after 14 mm and influenced the seam formation between 14 mm and 38 
mm. The comparison of fig. 9d with fig. 9e shows that the seam width grows by about 10 % and the area by about 25 
%. This is attributed to the increasing wire feed speed along the weld. After 78 mm the bridging weld pool collapsed 
and the melted filler wire attached to one sheet edge. The collapse may be attributed to a critical root radius, were an 
energetically advantageous condition for the melted wire was given when attaching to the upper sheet edge (compare 
with Matsunawa and Ohijo (1983)). Nevertheless the reached gap bridging was 3.15 mm (315 % of the sheet 
thickness), which is outstanding compared to the state of the art. 
 
Fig. 10 shows the gap bridging ability for different sheet materials and filler wires. The results show, that in the 
most material combinations, AA 6082 reached a higher gap bridging ability then AA 5083. AA 5083 only reached a 
higher value than AA 6082 when using the filler wire AlMg4.5MnZr. The highest bridging ability of 3.15 mm was 
achieved in a combination of AA 6082 with AlSi5 (see fig. 9). The lowest value of only 2.06 mm was observed 
when using an AlMg3 wire when combining with AA5083. The influence of different combinations of base material 
and filler wire on the gap bridging ability may be attributed to the influence of alloying elements on the surface 
tension of liquid aluminum. According to Matsunawa and Ohijo (1983) a higher surface tension accompanies a 
higher attainable self-supporting weld pool width. Generally Magnesium and Silicon have a reducing effect on the 
surface tension of melted aluminum with increasing alloying content. To this end, Goicoechea et.al. (1992) have 
found out, that the negative influence of Magnesium is nearly four times higher than Silicon at equal contents. 
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Fig. 10: Gap bridging ability for different sheet materials and filler wires at welding in a butt-joint configuration with opening gap width along 
the weld. Laser power 0.3 kW up to 1 kW, wire feed speed 0.2 m/min for both wire diameters up to 4.5 m/min for a wire diameter of 1.2 mm and 
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4. Conclusions 
A laser welding process for welding 1 mm thin aluminum sheets in a butt-joint configuration with air gap was 
presented. For gap bridging, filler wire was employed. A high intensity single mode laser beam was oscillated across 
the wire to provide for both consistent wire melting and fusion of the weld edges. With a gap width of 100% of the 
sheet thickness a remarkably large process envelope was found for high quality welds. Moreover, the allowable 
tolerances for a misalignment of laser beam and wire were remarkably high. During the weld pool initialization at 
the process beginning the bridge ability was 190% of the sheet thickness. After a succeeded process initialization, 
the gap bridging ability increased significantly to 315% of the sheet thickness. It was found, that the gap bridging 
ability was largely affected by the selection of sheet and wire materials, which was attributed to an influence of 
alloying elements on the surface tension of the weld pool. 
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